M uch of our current knowledge on the molecular pathways that lead to human cardiovascular disorders has come from heterologous expression systems and genetic animal models, in particular, mouse models. However, considerable differences exist between the human and mouse genomes, with many genetic modulators being human specific. In addition, species-specific electrophysiological properties of cardiac myocytes resulting from the finely balanced gating characteristics of many distinct ionic currents lead to considerable functional species differences between human and nonhuman hearts. For example, resting heart rate is tenfold higher in mice than in humans and physiological responses to exercise and arrhythmias are different. Therefore, the necessity to generate human in vitro models of cardiac disorders that accurately reflect the human disease phenotypes has become evident. The availability of such models is also crucial for the discovery and development of therapeutics. Primary human cardiac cells and especially disease-bearing ones are difficult to obtain and propagate in culture for extended periods of time. Recent advances in pluripotent stem cell biology now make it possible to generate an unlimited number of human cardiac cells in vitro from both healthy individuals and from patients with cardiac abnormalities (Fig. 1) . Pluripotent stem cells (PSCs) retain the capacity to indefinite self-renewal and differentiation into cells and tissue derivatives from all three germ layers. These properties make PSCs valuable for studying early developmental biology, disease modeling, drug discovery, toxicology testing, and for regenerative medicine. Since the first derivation of pluripotent human embryonic stem cells (hESCs) from normal embryos in 1998 (Thomson et al. 1998) , the potential of these cells to be used to model genetic and more complex cardiac diseases and for highthroughput pharmacological screenings has been anticipated. However, initial difficulties in genetically modifying hESCs, ethical and legislative issues associated with destroying surplus embryos during derivation and the limitation of being able to obtain disease-specific hESC lines only for rare single-gene disorders discerned by preimplantation diagnostics restricted their use and no hESC lines modeling a cardiac disease have been published to date.
The revolutionary discovery of induced pluripotent stem cells (iPSCs), generated by reprogramming somatic cells into an embryonic pluripotent state by the forced expression of a defined set of transcription factors (Takahashi and Yamanaka 2006; Takahashi et al. 2007; Yu et al. 2007; Park et al. 2008) , introduced a potentially transformative tool to enable in vitro cardiac disease modeling and inform drug discov- Strategies for obtaining human disease-specific cardiac cells and their use in disease modeling and drug screening. Human embryonic stem cells (hESCs) can be derived from human normal blastocysts and then genetically targeted to introduce a disease-associated mutation by homologous recombination. Alternatively, patient-specific induced pluripotent stem cells (iPSCs) can be derived directly from patient somatic cells (e.g., skin fibroblasts or blood cells) by different reprogramming methods. Either type of disease-specific pluripotent stem cells can be differentiated in vitro into all kinds of cardiac cells (cardiac myocytes, cells of the conductive system, smooth muscle cells, and endothelial cells) through a cardiovascular progenitor population. Differentiated cardiac cells can then be used in disease modeling to understand the molecular mechanisms underlying disease phenotypes and in drug screening to determine the effects of candidate drugs or new compounds and identify target pathways. Examples of different cellular readouts are presented.
ery. The first disease-specific iPSCs of a pathology affecting the heart were derived from patients with LEOPARD syndrome (CarvajalVergara et al. 2010) , an autosomal-dominant developmental disorder with pleomorphic effects on several tissues and organ systems, with hypertrophic cardiomyopathy being often the cause of mortality. Since then, a growing number of patient-specific iPSC models of genetically inherited cardiovascular diseases have been generated (Table 1) . Critical for the generation of hPSC-based models of disease are (1) selecting an appropriate disease target, (2) directing the differentiation of hPSCs into phenotype-relevant cell populations, and (3) identifying disease-relevant phenotypes.
In this review, we discuss recent pluripotent stem cell developments in the cardiac field, with special emphasis on disease modeling, and address current challenges and promises of using PSCs in modeling cardiovascular disorders.
GENERATION OF HPSC DERIVATIVES FOR THE STUDY OF CARDIOVASCULAR DISEASE
In Vitro Differentiation of hPSCs into Multipotent Cardiovascular Progenitors and Their Differentiated Derivatives: Recent Progress and Current Limitations
The ability to generate, expand, and purify functional cardiac cells is critical to developing pluripotent stem cell models of human cardiovascular disease. During the past decade, substantial progress has been made to understand the regulation of cardiac differentiation from hPSCs and to develop strategies to efficiently and reliably direct hPSCs into the cardiovascular lineages (Laflamme et al. 2007; Yang et al. 2008; Kattman et al. 2011; Burridge et al. 2012) . Invitro differentiation of hPSCs into cardiovascularcells is a multistep process that involves initial epithelial to mesenchymal transition, mesodermal, and subsequently cardiogenic specification and differentiation followed by functional maturation (Fig. 2) . This temporally controlled process is tightly regulated by critical developmental signals, epigenetic programs, and extracellular microenvironments. Early cardiac specification and differentiation of hPSCs is modulated by four major signaling pathways: BMP, TGF-b/activin/nodal, WNT/b-catenin, and FGF, with highly specific temporal windows for effectiveness. During this phase, multipotent cardiovascular progenitors arise, which then further enter alternative differentiation pathways to generate cardiomyocytes, vascularendothelial, or smooth muscle cells (Fig. 2) (Yang et al. 2008; Bu et al. 2009 ). Factors including coculture with END-2 stromal cells (Mummery et al. 2003 ) and ascorbic acid, which enhances collagen synthesis and promotes proliferation of cardiac progenitors (Cao et al. 2012) , have been shown to support generation of differentiated cardiovascular cells, highlighting the unique role of microenvironmental and cellular signaling during hPSC differentiation.
Depending on the form of cardiovascular disorder (congenital or adult) to be modeled, multipotent cardiovascular progenitor populations or terminally differentiated cardiac cells may be more relevant. In both cases, robust protocols to purify the desired cell type (as discussed below) and to reproducibly achieve a functional maturation state are essential. Recent work on hESC-derived ISL-1 þ cardiovascular precursors has shown that the use of Wnt-3a-secreting mouse embryonic fibroblast feeder cells allows for the expanded growth of the cells, while still maintaining ISL-1 expression and the capability to differentiate into all major cardiac lineages (Bu et al. 2009; Moretti et al. 2010a) . In particular, for cardiomyocytes, issues regarding the level of cellular maturation and the subtype heterogeneity that result from most of the available hPSC differentiation protocols need to be considered for reliable disease modeling.
Maturation of hPSC-Derived Cardiomyocytes
Although structural and electrophysiological maturation of hPSC-derived cardiomyocytes improves in a time-dependent manner (Lundy et al. 2013 ), these cells remain largely immature compared with their adult counterparts and resemble fetal stages of development. They lack a well-developed transverse tubule system (Lieu et al. 2009 ) and show automaticity (spontane- ous contractions) and irregular membrane potentials, with action potential (AP) up-stroke velocity and amplitude similar to 16-wk-old embryonic hearts (Mummery et al. 2003) . Moreover, fetal transcriptional and functional profiles have been reported of cardiomyocytes generated from both hESCs (Cao et al. 2008) and hiPSCs (Gupta et al. 2010) . Conflicting data exist regarding the maturity of Ca 2þ handling and sarcoplasmic reticulum development in hPSC-derived cardiomyocytes, although there is evidence that at least basic components of the Ca 2þ cycling machinery are functional as well as excitation-contraction coupling (Satin et al. 2008; Itzhaki et al. 2011b; Jung et al. 2012) . The lack of complete maturity of hPSCderived cardiomyocytes may reduce the suitability for drug testing and limit disease modeling when the disease-causing mutation affects a gene that is not expressed until later in development or if the disease occurs postnatally and has long latency of onset.
Heterogeneity of hPSC-Derived Cardiomyocytes
Electrophysiological and gene expression analysis show that PSCs generate all three major subtypes of cardiomyocytes, showing atrial-, ventricular-, or nodal-like phenotypes. Common hPSC differentiation methodologies create a mixture of all these cell types and this might represent a limitation in modeling cardiac diseases that affect a specific cardiomyocyte type, especially if the AP is not the readout assay of the cellular phenotype, or in high-throughput drug screening. Significant efforts have been made to understand cardiac subtype specification and to reduce heterogeneity of hPSC-derived cardiomyocytes. Recent studies have shown that inhibition of NRG-1b/ERBB signaling enhances the proportion of nodal-like cells (Zhu et al. 2010) and that retinoid signals enhance atrial versus ventricular specification during cardiac hESC differentiation (Zhang et al. 2011b ).
Interline Variability in Cardiac Differentiation of hPSCs
It has been well documented that a diversity in cardiac differentiation capacity between hPSC lines exists (Kattman et al. 2011) . Many factors are likely to contribute to this line-to-line variation, including the conditions used to establish and maintain the lines, the levels of expression of endogenous growth factors, and, specifically for hiPSCs, the efficiency of and the methodology used for reprogramming. A recognized source of variability in the differentiation potential of hiPSC lines is also the cell type of origin. Recent data suggest that hiPSCs harbor residual DNA methylation signatures characteristic of their somatic tissue of origin, which favors differentiation along lineages related to the donor cell, while confining alternative cell fates . The retention of epigenetic memory of cell origin was initially thought to be restricted to low passage hiPSCs, but it has now been documented in later passages as well (Ohi et al. 2011 ). This issue becomes more complex given that hPSCs progressively acquire epigenetic heterogeneity after prolonged culture, which affects subsequent differentiation (Tanasijevic et al. 2009) , and that different passages of the same cell line may have diverse cardiac potentials (Paige et al. 2010 ).
In Vitro Differentiation of hPSCs into Lineage-Specific Vascular Smooth Muscle and Endothelial Cells
Although most electrophysiological disorders and cardiomyopathies directly affect cardiomyocytes, noncardiomyocyte cell types are key to understanding other cardiovascular diseases. For example, additional cell lineages of the heart, such as vascular endothelial and smooth muscle cells or fibroblasts, are relevant to congenital heart diseases (CHD) or disorders affecting the outflow tract vessels (e.g., aortic aneurysm) and the coronary system (e.g., coronary artery disease). Lineage tracing studies have shown that vascular smooth muscle cells (SMCs) in different heart vessels have distinct embryological origin. The basal aortic root is derived from secondary heart field (Waldo et al. 2005) , whereas the ascending aorta and the arch are neural crest derived (Jiang et al. 2000) ; descending aortic SMCs originate from paraxial (somitic) mesoderm (Wasteson et al. 2008) ; and coronary SMCs arise from proepicardial organ, which is of lateral plate mesoderm origin (Mikawa and Gourdie 1996 ; see also Brade et al. 2013 ). Vascular SMCs originating from different types of embryonic progenitors show lineage-specific differences in growth, gene expression, and functional properties (Majesky 2007) , supporting the notion that vascular SMC lineage diversity may contribute to site-specific patterns of vascular disease in adults. Disease modeling with the appropriate origin-specific SMCs generated from patient-specific iPSCs is therefore vital for accurate assessment and therapeutic discovery. In this regard, a recent study has described an in vitro strategy for generating large numbers of lineage-specific vascular SMCs from hPSCs using chemically defined protocols to direct neuroectoderm, paraxial mesoderm, and lateral plate mesoderm progenitors to a smooth muscle fate (Cheung et al. 2012) .
Similarly to SMCs, endothelial cells with arterial and venous identity develop distinct gene and protein expression profiles that depend on the embryological origins and on microenvironmental cues during organogenesis and result in functional heterogeneity (Cleaver and Melton 2003) . Although the embryological origins of the endothelial cells of different heart vessels are still controversial (see Brade et al. 2013) , development of robust protocols to generate hPSCderived lineage-specific arterial and venous endothelial cells with organ-specific properties will be necessary to develop faithful hPSC-based models of specific cardiovascular disorders.
CARDIAC DISEASE MODELING WITH PSCS
The key to modeling any disease with hPSCs is the identification of a disease-relevant cellular pathology with robust phenotypic assays. Earlyonset diseases that have a strong genetic component and affect a highly defined cell or tissue type are the first choice.
Gene Targeting in hPSCs: hESC Models of Cardiac Disease
Although the genetic basis of many cardiovascular diseases is incompletely understood, most of them are now appreciated to arise from genetic variants. Several chromosomal abnormalities, rare DNA variants, or common DNA variants have been associated with congenital heart disease in newborns (Bruneau 2008) , and many mutations in genes encoding cardiac ion channels and sarcomeric proteins have been identified in several electrophysiological cardiac disorders (channelopathies) and cardiomyopathies (Jacoby and McKenna 2012; Martin et al. 2012) . With the advent of new techniques for efficient genetic manipulation through homologous recombination, introduction of targeted mutations into hESCs is becoming a very attractive tool for generating hESC-based models of monogenic cardiac diseases. Owing to the difficulty in cloning hESCs from single cells and the low efficiency of introducing DNA-targeting plasmids using conditions well established for mouse ESCs, such as electroporation, only very few hESC lines have been targeted using classical homologous recombination protocols (Urbach et al. 2004; Irion et al. 2007; Bu et al. 2010 ). Zincfinger nucleases (ZNFs) or transcription activator-like effector nucleases (TALENs), which introduce double-strand breaks at specific sites in the genome, have been shown to greatly improve the efficiency of homologous recombination when used in combination with traditional gene-targeting constructs (Wood et al. 2011) . Using this approach, several genes have been targeted in hESC lines (Hockemeyer et al. 2009 (Hockemeyer et al. , 2011 Zou et al. 2009; Collin and Lako 2011) , and also chromosome deletions and translocations have been successfully engineered in human cells (Brunet et al. 2009; Lee et al. 2010) . At the time of this writing, no published studies have reported models of cardiovascular disease obtained by genetic modification of hESCs. However, compared with models based on patient-specific hiPSCs, genetic targeting of hESCs to introduce the disease variant offers a built-in control, because the parental hESC line is genetically matched with the recombinant hESC line except for the introduced disease mutation.
Patient-Specific hiPSC-Based Models of Cardiac Diseases
Since the first report describing iPSCs, rapid progress has been made in reprogramming various somatic cell types using many variants of the original cocktail of reprogramming genes, including chromatin-modifying small molecules, and numerous methods for delivering the reprogramming factors to the cell, including nonintegrating genomic approaches (Gonzalez et al. 2011) . It is now possible to obtain easily accessible somatic cells from patients (e.g., from skin biopsies, hair follicles, or whole blood) and derive "factor-free" hiPSC lines that are genetically matched to the patients. Whereas the initial reports argued convincingly that hiPSCs were functionally equivalent to hESCs, a more refined analysis of how hiPSCs behave in vitro, coupled with genome-wide genetic and epigenetic analysis, has revealed numerous subtle but substantial molecular differences, probably owing to technical limitations inherent to reprogramming (Robinton and Daley 2012).
Advantages of hiPSC over hESC and Considerations
Patient-specific hiPSCs offer few advantages over recombinant hESCs for the generation of disease models: (1) they allow the investigators to probe genotype-phenotype relationships for conditions with a monogenic and, increasingly, with a complex basis, even when the genetic variant linked to the disease is difficult to generate with homologous recombination (e.g., a chromosomal deletion or translocation) or is unknown; and (2) they constitute the genetic background of the original patient, which may prove crucial as phenotypic variations may entail interactions between a polymorphism and modifier loci.
An important consideration in using hiPSC models for the study of any human disease is the identification of appropriate control lines, because differences in genetic background between well-matched control donors (for gender, age, and ethnicity) and patient-derived hiPSC lines could confound the analysis of the disease phenotype, in particular when the genetic variant under study is not associated with a large phenotypic effect. One way to circumvent this problem would be to rely on not just one control hiPSC line but on a panel of control lines derived from genetically diverse subjects. The major drawback of this approach is the increased cost and labor associated with the generation and maintenance of multiple control cell lines and with the performance of multiple control experiments with cells derived from the different lines. Another way to limit the genetic variance between patient and control cells would be the derivation of control hiPSC lines from a healthy sibling who is unaffected by the disease. When a monogenic disease is investigated, the ultimate control hiPSC line could be constructed by correcting the disease-causing mutation in the patient hiPSC by a gene-targeting approach. Furthermore, such an experiment could unequivocally prove that the mutation under consideration is the sole cause of the phenotypic differences between patient and control cells.
Existing Patient-Specific hiPSC Models of Cardiovascular Diseases
Soon after the first demonstration that patientspecific hiPSC-derived cardiomyocytes could recapitulate aspects of the cardiac phenotype seen in patients affected by LEOPARD syndrome (Carvajal-Vergara et al. 2010) , several following studies validated the utility of hiPSCs for modeling cardiovascular disorders and drug testing (Table 1) . By now, many patient-specific hiPSC-based models of diseases affecting cardiomyocytes have been reported, including channelopathies related to malfunctions of voltage-activated ion channels generating the cardiac AP (long-QT syndrome) and channels controlling the intracellular calcium levels (catecholaminergic polymorphic ventricular tachycardia [CPVT]), as well as cardiomyopathy linked to impaired cardiac muscle contractility (hypertrophic and dilated cardiomyopathy and arrhythmogenic right ventricular cardiomyopythy [ARVC] ). Also for few vascular disorders, such as Hutchinson-Gilford progeria and supravalvular aortic stenosis syndromes, patient hiPSC-derived SMCs have been proved to model disease traits in vitro.
All of the so-far-available patient-specific hiPSC models of cardiovascular diseases have some common characteristics: the genetic bases of the disorders are quite well understood, with mutations in single genes being the underlying cause (monogenic diseases); the disease phenotypes develop in a paradigmatically cell-autonomous manner in single cardiomyocytes or SMCs; the pathologies have developmental or early-onset; differentiation protocols directing hiPSCs toward the cells of interest affected by the disease are available; and the phenotypic traits of the disease can be directly assessed in vitro by means of specific cellular assays (Table  1) . However, most of the cardiovascular disorders in adults and CHD in newborns are multifactorial or polygenic and involve multiple interconnected tissue and cell types. Moreover, many cardiac maladies have late adult onset. The challenges now are to develop disease-modeling strategies for studying such complex cardiovascular disorders and to use hiPSC disease models to gain new insights into the molecular mechanisms leading to the disease to generate new therapeutic interventions.
Future Challenges and Considerations

Modeling of Complex Cardiovascular Disorders
During reprogramming of somatic cells to pluripotency, epigenetic histories are erased to a large extent (Ohi et al. 2011; Onder and Daley 2012; Hewitt and Garlick 2013) and standard tissue culture conditions normalize all environmental differences. We direct interested readers on epigenetics during reprogramming to recent comprehensive reviews (Onder and Daley 2012; Hewitt and Garlick 2013; Papp and Plath 2013) . Of the genetic, environmental, and epigenetic variations that precipitate the disease in the patient, only the genetic variation is likely to be faithfully maintained in hiPSCs. Thus, the value of patient-specific hiPSC-based modeling for complex and multifactorial disorders is likely to be directly proportional to the disease heritability. In the case of complex cardiovascular diseases that show significant heritability but no Mendelian inheritance pattern, the genetic disease predisposition would still be present in the hiPSCs and their derivatives. In the past few years, genome-wide association studies (GWAS) have linked genetic variants with specific complex cardiac diseases, such as coronary artery disease (CAD) and myocardial infarction (MI). At least 33 loci have been identified to be associated with CAD and MI (reviewed by Kathiresan and Srivastava 2012), but it has been difficult to confirm the impact of these gene variants through experimental functional assessment in animal disease models. In all of these GWAS studies, a locus on chromosome 9p21 has emerged as most strongly associated with the clinical phenotypes, which has been suggested to represent a novel risk pathway involving vascular tissue (Helgadottir et al. 2008) . The challenge is now to move from statistical association based on genetic markers to identification and functional characterization of individual riskassociated genes, gene variants, biological pathways, and proteins, and to elucidation of their roles in the resulting vascular pathology. Generation of hiPSC cellular models from patients with risk-offering DNA variants and protective DNA variants in the GWAS-identified 9p21 locus, in combination with gene expression profiling and gene silencing or overexpression approaches, as well as specific differentiation to all diverse vascular cell lineages and eventually generation of vessel-organoid systems, would facilitate such functional characterization and eventually help identification of new therapeutics. Also CHDs, occurring in approximately 1% of newborns, are now known to have genetic causes in some patients, with several of the genes affected being key players in cardiac development, such as members of the T-box family, GATA4, NKX2-5, HAND1, and NOTCH genes (Bruneau 2008; Fahed et al. 2013) . A common feature of most inherited and sporadic CHDs is that the same disorder can arise from mutations in a variety of genes, and mutations in one gene can give rise to a variety of CHDs. The identification of distinct populations of cardiovascular precursors forming specific compartments of the heart hints at a new approach to understanding CHDs, not as a defect in a specific gene or transcription factor, but rather as a defect in the lineage decisions of a defined subset of cardiac precursors. In this manner, CHDs might be associated with alterations in the formation, expansion, and differentiation of embryonic cardiovascular progenitor cells, which in turn form essential components of the heart, such as the atria, ventricles, outflow tract, coronary arteries, and conduction system (see Brade et al. 2013) . The ability to obtain distinct populations of embryonic cardiovascular progenitors from hPSCs and further differentiate them into specific cardiac muscle or vascular cell types (as discussed above) renders hPSCs particularly valuable for generation of human cellular models of CHDs. However, efficient methods to purify the desired subset of cardiovascular progenitors and their differentiated derivatives, as well as tissue-engineering approaches to mimic developmental cues in three-dimensional organoid systems are mandatory. If ethically possible, transplantation of cardiovascular progenitors from disease-specific hPSCs (either patient-specific iPSCs or genetically modified hESCs) into mouse embryos will be extremely informative for dissecting disease pathways and mechanisms that may appear only in an in vivo setting (discussed below).
gens that could allow antibody-based purification and tracking of specific cardiovascular progenitor populations and differentiated cardiomyocytes subtypes arising from hPSCs. The receptor tyrosine kinases KDR (FLK1/ VEGFR2) in combination with PDGFRA or the stage-specific embryonic antigen 1 (SSEA-1) have been used to isolate cardiovascular progenitor populations after treatment of hPSCs with specific cardiac morphogens (Yang et al. 2008; Blin et al. 2010; Kattman et al. 2011) . The recent identification of markers expressed specifically on cardiomyocytes, including EMI-LIN2 (Van Hoof et al. 2010; Dubois et al. 2011) , SIRPA Elliott et al. 2011) , and VCAM Uosaki et al. 2011) , has made it possible to isolate highly enriched populations of these cells from hPSCs by FACS or magnetic bead sorting. Despite these previous findings, the quest for appropriate surface antigens specific for distinct hPSC-derived early cardiac progenitors (FHF and SHF progenitors) or cardiomyocyte subtypes (ventricular, atrial, and conductive system cells) still remains a relevant issue; indeed, in some cell types, highly specific surface markers may not even exist.
The modification of hPSCs by introduction of ectopic reporters or by targeting developmentally important loci is becoming a very useful tool, not only for understanding cardiac lineage specification and differentiation, but also for cell-type-specific lineage marking. Selectable markers, such as a fluorescent marker or an antibiotic resistance gene, under the control of lineage-specific promoters allow for purification of precise cell populations by either FACS or selection with antibiotics. In addition, fluorescent transgenic or knockin reporters may facilitate the tracking of diseased cells in cocultures/organoid systems and in chimeric animals after grafting or transplantation.
Using this approach, engineered hESC lines have been generated to fluorescently mark SHF ISL-1 þ cardiovascular progenitors and their progenies (Bu et al. 2009) or NKX2-5 þ cardiac precursors and deriving cardiomyocytes . Similarly, the human a-myosin heavy-chain (a-MHC) promoter coupled to a bicistronic reporter (GFP and puromycin) has been used to achieve high purity of cardiomyocytes (.90%) from differentiating hESCs (Anderson et al. 2007 ). Marking and purification of distinct subtypes of hPSC-derived cardiomyocytes would be extremely important for disease modeling of several cardiac disorders affecting specifically atrial, ventricular, or conductive system cells or for subtype-specific cellular investigation of disease phenotypes. Identification of ventricular cardiomyocytes can be obtained by delivery of a selectable human myosin light chain-2v (MLC2v) enhancer driving EGFP expression via lentiviral transgene (Huber et al. 2007 ). Generation of reporters for the other cardiomyocyte subtypes has been hampered by the fact that, owing to the differences in gene expression profiles between hPSC-derived cardiomyocytes and their adult counterparts, classical markers for adult atrial myocytessuch as the atrial isoform of MLC2 (MLC2a), and adult cells of the conductive system, such as the hyperpolarization-activated cyclic nucleotide-gated potassium channel 4 (HCN4) or contactin-2 (CNTN2)-are not very specific for these lineages in early hPSC-derived cardiomyocytes. Identification of promoter elements that could be used for specific hPSC-derived cardiomyocyte-type selection or, alternately, strategies to improve their maturity level are current topics of extensive research.
Cardiac Tissue Engineering and In Vivo Cardiac Disease Modeling
The development of cell culture organoids from PSCs is a valuable approach to assess both cellular differentiation potential and interactions between different cell types of the same genetic background and may be essential for modeling complex disorders with noncell autonomous phenotype, such as CHDs. Cardiac muscle engineering holds the promise to engineer a cardiogenic niche in vitro with the opportunity to study and modify potential niche components-such as extracellular matrix, growth factors, physical stimuli, and cell -cell contactsunder defined conditions. This, in combination with genetic cell engineering, should provide a deeper understanding of processes governing cardiovascular progenitor differentiation, as well as improve cardiomyocyte maturation and assess the role of potential disease modifiers in affecting disease phenotypes of complex cardiovascular disorders. Since the first description 15 years ago, engineered heart tissue (EHT) is evolving rapidly and addition of mechanical loading and electrical stimulation, higher O 2 content, and various medium supplements and/or miniaturization have led to improved 3D cardiac tissue structure, maturation of myocytes, reduced extracellular matrix content, and development of near-physiological contractile force (Eschenhagen et al. 2012) . However, even with all of these improvements, full manifestation of adult cardiomyocyte phenotypes has not been shown thus far and the major application of hESC/hiPSC-derived EHT constructs has been drug testing (Schaaf et al. 2011) .
Although cardiac tissue engineering will be extremely useful for modeling complex cardiovascular disorders, it is necessary to integrate in vivo systems with PSC biology. In most cases, such as in the CAD, MI, and CHD examples previously mentioned, investigators will need to continue using both human PSCs and mouse models to dissect polygenic traits. The advantages of using human cells are amplified by exploring interactions with in vivo environments. A fundamental way to test these interactions is through the transplantation of cardiovascular progenitors (for CHD) or differentiated derivatives (for CAD and MI) from patient-specific hiPSCs into mouse models, in which the cellautonomous contribution of the hiPSC derivatives to the disease can be tested after physiologically relevant integration in vivo.
PSCs and Personalized Medicine
Aside from disease modeling, PSCs have an exciting and novel application in the field of "personalized medicine" that is worth mentioning. When combined with massively parallel DNA sequencing (whole exome and whole genome sequencing) and high-throughput pharmacological screenings, patient-specific hiPSCs that carry all disease-relevant genetic alterations represent valuable platforms for providing insights into factors that predispose individuals to develop overt symptoms and for revealing drug sensitivities. The influence of the genetic background on the manifestation of cardiovascular disorders is still poorly understood and substantial discrepancies remain in estimating the heritability of numerous quantitative traits related to these diseases. Moreover, it is hard in the clinic to foresee which individual receiving a particular drug will benefit or suffer toxic side effects. A panel of diseased PSC lines whose genomes are fully characterized might allow in vitro analyses predicting both drug effectiveness and toxicity at an individual level against a specific genetic background, as well as identifying biomarkers for the development of diagnostic assays. This will be beneficial for the improvement of preventive public health strategies and could open new landscapes for more effective treatment ("personalized medicine") and reduced complications.
DIRECT REPROGRAMMING OF SOMATIC CELLS TO THE CARDIAC LINEAGE AS A TOOL TO GENERATE PATIENT-SPECIFIC MODELS OF CARDIOVASCULAR DISEASE
The original publication of iPSC reprogramming has inspired researchers to attempt manipulations of cellular identity in new and unexpected directions. Ectopic transcription factor expression is now being investigated as a tool to perform direct conversion, or "transdifferentiation," of one differentiated cell type to another. Direct lineage reprogramming of mouse and human fibroblasts into cardiomyocytes, without reversion to a cardiac progenitor cell state, has been achieved by exogenous expression of Gata4, Mef2c, and Tbx5, all key factors involved in cardiogenesis (Ieda et al. 2010; Nam et al. 2013) . "Induced cardiomyocytes" (iCMs) appear similar to neonatal cardiomyocytes in global gene expression profile and electrophysiologically, and contract spontaneously (Ieda et al. 2010) . In alternative, cardiomyocytes have been generated by partially reprogramming fibroblasts with the Yamanaka factors and controlling cell fate by cardiogenic media supple-mentation and inhibition of JAK/STAT-driven pluripotency induction (Efe et al. 2011) . Direct and partial cardiac reprogramming, which do not involve a progenitor intermediate, may have the advantage that future refinement and characterization of the reprogramming process could allow to obtain more mature cell types for cardiac disease modeling. The inability to expand mature, transdifferentiated cells is currently a rate-limiting factor of this approach, but future improvements in efficiency of reprogramming may overcome this hurdle. A recent study has also reported that a unique combination of transcription factors, ETS2 and MESP1, is sufficient to reprogram human dermal fibroblasts into cardiac progenitors (Islas et al. 2012) . It remains to be seen whether ETS2/MESP1-transdifferentiated cells can be efficiently expanded and further maturated into terminal differentiated cardiovascular cells. If this will be possible, they would represent an optimal system to generate unlimited numbers of mature healthy and diseased cardiomyocytes, without the need of pluripotent cell reprogramming.
CONCLUDING REMARKS
The past few years have witnessed remarkable advances in stem cell biology and human genetics, and we have arrived at an era in which patient-specific cell and tissue models are now practical. We have outlined how hPSCs and their derivatives (cardiovascular progenitors or differentiated cells) have been and can be applied for the modeling of cardiovascular disorders of genetic origin. The key challenge now is to implement these models in an efficient manner to study complex cardiovascular diseases and to gain new insights into the disease-causing molecular mechanisms to generate new therapeutic interventions. It will also become important to be able to recapitulate environmental and epigenetic influences with which the relevant genetic and nongenetic factors collude to faith- fully reproduce disease phenotypes in vitro. Emerging solutions involve several areas of biomedical research, from tissue engineering to genetic manipulation (Fig. 3) , and are likely to be used for producing new molecular understanding of a wide range of cardiovascular diseases. 
